Summating risk factor burden is a useful approach in the assessment of cardiovascular risk among apparently healthy individuals. We aimed to derive and validate a new score for myocardial infarction (MI) risk using modifiable risk factors, derived from the INTERHEART case -control study (n ¼ 19 470).
Introduction
The World Health Organization estimates that in 2010, coronary heart disease (CHD) will be the leading cause of death globally, causing 30 .8% of all deaths per annum and with about 80% of all cardiovascular disease deaths occurring in developing countries. 1 The INTERHEART case-control study has shown that nine modifiable risk factors account for more than 90% of the population attributable risk for acute myocardial infarction (MI) globally, a finding which was consistent in all regions of the world. 2 Risk stratification is widely suggested as best practice in the management of individual cardiovascular disease risk. 3, 4 Coronary heart disease risk estimation tools estimate the effects of multiple risk factors to obtain an overall estimate of a person's own risk of disease. Such tools have been shown to be more accurate at predicting risk than physician assessment alone. 5 A number of risk estimation tools are currently in use, such as the functions based on the Framingham cohort 6 and the European SCORE. 7 However, both tools use a limited number of risk factors in their risk estimation, and neither includes lifestyle factors such as dietary intake and physical activity. Modifiable lifestyle risk factors are of importance to clinicians and patients alike, and there is an inherent appeal to develop a score which integrates such factors. The INTERHEART study was a large standardized case-control study involving cases of first MI from 52 different countries, and their sex-and age-matched controls (+5 years). 2 Nine modifiable risk factors were found to have a globally consistent association with MI: apolipoprotein levels, smoking, hypertension, diabetes, abdominal obesity, psychosocial factors, dietary factors, physical exercise, and alcohol consumption. This study aims to examine the utility of the modifiable CHD risk factors in risk assessment and to derive and validate an appropriate 'modifiable risk' equation using the multifactor data collected in INTERHEART. The consistency of the association of this risk factor equation with MI is then assessed within both the INTERHEART population, by ethnicity and geographical area, and an external validation cohort. 'Nonlaboratory' and lipoprotein-based equations are also derived.
Methods
Details of the participants and data collection procedures used are described in detail elsewhere. 2 Briefly, INTERHEART was a casecontrol study which recruited cases of first acute MI admitted to coronary care or equivalent units, and at least one sex-and age-matched (within 5 years) control, who had no history of heart disease. Participants were recruited from 252 centers in 52 countries worldwide. Data on lifestyle and other risk factors were collected by a structured questionnaire, and a standardized physical examination was performed. 2 Non-fasting blood samples were drawn from every participant, centrifuged within 2 h of extraction, and frozen immediately at 220 or 2708C. For cases, samples were to be drawn within 24 h of symptom onset, although due to delayed presentation, especially in lower income countries, this was only achieved in two-thirds of cases. Samples were shipped in liquid nitrogen to the core laboratories in Hamilton, Canada and Beijing, China. Apolipoprotein concentrations were measured using immunoturbidmetric assays (Roche/Hitachi 917 analyser with Tina/quant Apo B version 2 and ApoA1 version 2 kits; Roche Diagnostics, Mannheim, Germany). 8 INTERHEART was approved by the appropriate Ethics Committee in all participating study countries and centres. Informed consent was provided by all participants before taking part in the study.
Statistical methods Stage 1: Assessment of each proposed risk factor
After data cleaning and exclusion of subjects with missing risk factor data, the data set was split into a 2/3s derivation set and a 1/3 test set. 9 Splitting of the data was performed in a paired manner, to maintain the matched nature of the data, and was stratified by sex and geographic area. Using the 2/3s derivation set, each of the nine modifiable risk factors was examined in a simple logistic regression model, adjusting for sex, age, and geographic region, and with acute MI as the dependent or outcome variable. The variables relating to each risk factor were chosen from the questionnaire data based both on the variables used in previous INTERHEART analyses and publications 2,10 -12 and on the expected clinical utility of the variable. Categorical variables were examined using design variables. Proposed variables were retained if they achieved the set criterion of a ≤ 0.05 for statistical significance in the simple model. Psychosocial factors included details of work/home stress, depression, perceived locus of control, incidence of adverse life events, and financial stress. Diet-related variables chosen were those which had previously been identified as having the strongest association with case status. 13 Consumption was measured in the frequency of eating the foodstuff in question, and the diet variables were ultimately included as dichotomous variables. Physical exercise was defined as the level of regular physical activity during leisure time.
Family history was defined as a history of MI in either parent, at any age. This variable was only used in the 'non-laboratory'-based score. A variable on alcohol was not included, because of the potential for a 'mixed' public health message.
Stage 3: Calculation of the risk equation
Methods similar to those of Sullivan et al.
14 from the Framingham Heart study were used to develop the IHMRS. The risk factor variables were examined in multivariable unconditional logistic regression models, with MI case status as the dependent variable. Variables were added to the multivariable model in a forward stepwise method, with variable entry chosen manually by the investigators as per the relative importance and effect size attributed to each risk factor from the INTERHEART study. The criterion for statistical significance was set at a ≤ 0.05. The effect of interaction terms was assessed, with terms relating to risk factor*age/sex included in the model building. Model fit was checked at each step using the area under the receiver-operating characteristic (ROC) curve c-statistic, and the integrated discrimination index (IDI) was used to measure the improvement in model discrimination as variables were added. 15 INTERHEART used a matched design for age (+5 years) and sex, with the result that the true effects of age and sex cannot be accurately estimated in this analysis. Nevertheless, we wished to include an ageand sex-related variable, to maintain optimal face validity of the score. Furthermore, because matching was not achieved in all recruited subjects, an effect of both age and sex was evident on logistic regression analysis. Therefore, unconditional logistic regression was used to optimize the use of the data, and all models were adjusted by age and sex. A single age and sex variable was created which classified men and women into younger vs. older groups (men younger than 55 and women younger than 65, or else older) based on epidemiological evidence of this age gap of risk from both INTERHEART 2 and the Framingham study. 16, 17 After the risk factor variable panel for the equation was selected, a base or reference category was assigned for each variable. The other categories were then valued on how far they were from the base category and this value was weighted by multiplying it by the b coefficient from the multiple regression equation. The points were derived by multiplying by an empirical constant and rounding to the nearest integer, for ease of use of the risk score. Three models were developed: a 'short' score, a 'full' score, and a 'non-laboratory'-based score. A secondary model, the 'cholesterol' score, was also created. Analyses were performed using Intercooled Stata 9 (StataCorp, TX, USA).
Stage 4: Internal validation
Validation of the scores was assessed in the 1/3 test set using measures of calibration and discrimination. Calibration is the agreement between the expected probabilities of disease and the actual event rate seen in the test set and refers to the extent that bias influences the model. Calibration is often assessed by the Hosmer -Lemeshow test. 18 However, the results of the Hosmer -Lemeshow test can vary by the statistical software used 19 and the test is over-sensitive to small deviations in fit as the sample size increases. 20 To address these problems, the deciles of risk were compared separately and displayed as a calibration plot of the observed vs. expected events. Discrimination, or refinement, is a measure of a model's ability to rank subjects correctly in terms of risk. Model discrimination (i.e. the model's ability to rank persons appropriately, from low to high risk) was assessed using the c-statistic from ROC testing, 21 and further estimates of model discrimination were made on subgroups of the population. Measures of global fit were also examined, including the Akaike information criteria, 22 the Bayesian information criteria, 23 and the Brier score. 24 The Brier score quantifies the overall accuracy of predictions and ranges from 0 (perfect accuracy) to 0.25 (worthless). Competing risk equation scores were examined and compared using these measures, and the final model was determined as that which provided the best fit in terms of the ROC c-statistic, with due regard to the aim of model parsimony.
Stage 5: External validation
The final score (termed the IHMRS) was assessed in an independent study population. EpiDREAM is an international prospective cohort study which includes follow-up data on 18 990 participants who were screened for eligibility for the DREAM (Diabetes REduction Assessment with ramipril and rosiglitazone Medication) clinical trial. 25 Subjects were recruited from 21 countries and 191 centers, from North America, South America, Europe, Australia, and Asia. All participants completed a questionnaire with information collected on medical history, physical activity, and diet. Furthermore, all participants underwent a 75 g oral glucose tolerance test, and physical measurements including weight, height, and waist and hip circumference were taken using a standardized protocol. Six thousand and eight hundred subjects (35.8%) had impaired fasting glucose or impaired glucose tolerance (5269 of whom were randomized into DREAM), 2563 subjects (13.5%) had type-2 diabetes, and 9627 subjects (50.7%) were normoglycaemic. The IHMRS was evaluated against incident MI (n ¼ 95) and incident CHD (including MI, new angina, and revascularization) (n ¼ 289). The models were adjusted for trial status and region.
Results
Data from 27 043 INTERHEART participants were available for analysis, 14 605 controls and 12 438 cases. When those participants with missing data were excluded, the final number available for analysis was 19 470. Of those excluded with missing data, 5714 had missing apolipoprotein data (no blood sample had been taken). After data splitting, there were 12 772 subjects in the derivation set, 5349 cases (41.9%) and 7423 controls (58.1%); and 6698 subjects in the test set, 2868 cases (42.8%) and 3830 controls (57.2%); 75.3% of the participants in the derivation set were males (n ¼ 9615), compared with 77.2% in the test set (n ¼ 5,168). Mean age in the derivation set was 57.46 years (standard deviation or SD 12.13) and in the test set, 57.16 (SD 11.99). Modifiable risk factors contributing to CHD risk which were identified in the INTERHEART study ( Table 1) were examined in univariable and multivariable logistic regression models. Variables which were not retained in the multivariable model included 'adverse life events' (which did not maintain statistical significance in the multivariable model), and 'locus of control' and financial stress variables (excluded because there was a large missing data burden and little incremental predictive ability with these factors). Interaction terms for both age and sex with hypertension, diabetes, and apolipoprotein B:A1 ratio were statistically significant in the multivariable model, but were omitted from the final model because of the lack of incremental value associated with their inclusion, and the potential complexity of a risk score were they to be retained. The risk factors were then assessed for their incremental predictive ability with their addition to the final model ( Table 2 at the expense of model parsimony. Four risk score versions were therefore created. The two scores for consideration as the primary INTERHEART risk scores were a 'short' score, which was the most parsimonious, and a 'full' score, including all the risk factors. Two supplemental scores were derived: a 'cholesterol' score, for settings in which laboratory measurements of apolipoproteins were not available, and a 'non-laboratory-based' score, which did not include any lab-based measures of lipid status. Table 3 shows the internal validation for the four scores. The ROC c-statistic in the 1/3 test set was greater for the 'full' score than for the 'short' score (Pearson's x 2 ¼ 6.28, P ¼ 0.012), but the absolute difference in c-statistic was small, and was outweighed by the loss of model parsimony and increased complexity of the 'full' model. Therefore, the 'short' score was accepted as the primary IHMRS, and Tables S1 -S3 . The probability of MI increased as the IHMRS increases, in the 1/3 test set ( Figure 1 ). The assessment of IHMRS calibration (the Hosmer-Lemeshow test) in the 1/3 test set suggests a significant lack of fit (Hosmer -Lemeshow x 2 ¼28.69, P ¼ 0.0004). However, ranking the observations by deciles of predicted risk and performing the Hosmer-Lemeshow test on each group separately show that the lack of fit occurs predominantly at the extremes of predicted risk (Supplementary material online, Table S4 ). A calibration plot ( Figure 2 ) similarly shows good agreement between observed vs. predicted events in the groups where the majority of the subjects lie. The validation of the score by the ethnic group is shown in Table 5 and by the geographic region in We also examined the discriminative ability of the IHMRS in men and women and in the older and younger groups ( Table 7) . The ROC c-statistic was higher in women than in men (Pearson's x 2 ¼6.10, P ¼ 0.014) and higher in the younger group than in the older group (Pearson's x 2 ¼41.05, P , 0.0001).
The IHMRS is presented in Table 8 . The categories of the risk factors are presented in the first column, and the specific questions to be asked in the middle columns. Only one answer is chosen for every question and inserted into the 'points' column. All questions must be answered for the most accurate risk score estimate. The mean score in the derivation set is 9.47 (SD 5.59; min 0, max 32), and in the test set, the mean score is 9.97 (SD 5.65), Student's t-test t ¼ 25.90, P , 0.001. Examining the derived score in the test set (n ¼ 6687), the mean score is higher in the cases than in the controls (12.37, SD 5.55 vs. 8.17, SD 5.02, Student's t ¼ 232.37, P , 0.0001), higher in the older than in the younger groups (10.63, SD 5.36, vs. 9.30, SD 5.86, Student's t ¼ 29.65, P , 0.0001) and higher in men than in women (10.44, SD 5.64 vs. 8.37, SD 5.37, Student's t ¼ 212.71, P , 0.0001).
An external validation procedure was undertaken in an independent cohort study. The characteristics of the EpiDREAM and the INTERHEART derivation set populations are shown in Supplementary material online, Table S5 . Definitions of modifiable risk factors in EpiDREAM were matched to the INTERHEART definitions (see Supplementary material online, Table S6 ). In the EpiDREAM cohort, among 18 838 persons who had no prior history of MI, there were 95 first MI events and a median follow-up of 3. Table S8 ).
The ROC curve c-statistic for the IHMRS in EpiDREAM was 0.69 (95% CI: 0.64, 0.74) (Figure 3) . The score showed good calibration using the Hosmer-Lemeshow goodness-of-fit test (x 2 ¼3.08, P ¼ 0.93). Comparing the top tertile of the IHMRS (score ≥10) to the lowest tertile (≤4), the odds ratio for MI is 5.67 (95% CI: 2.77, 11.59), and comparing the middle tertile of score to the lowest the odds ratio is 2.22 (95% CI: 1.02, 4.82) (Figure 4) . The IHMRS shows a graded increase in the probability of an MI in EpiDREAM. The probability of suffering an MI at 3.25 years is 0.12% for people classified in the lowest score tertile (IHMRS ≤ 4), 0.27% in the middle tertile (IHMRS: 5-9), and 0.68% in the highest score tertile (IHMRS ≥ 10). Table 9 shows the 1-and 3.25-year probabilities of events by tertiles of the IHMRS. From the EpiDREAM validation cohort ROC curve shown in Figure 3 , a risk score of ≥5 is associated with a sensitivity of 77.9% and a specificity of 49.5% for MI. In general, lower scores are associated with greater sensitivity and higher scores with higher specificity. 
Discussion
Using data from a large international MI case-control study, we have created and validated a risk score which includes modifiable CHD risk factors. The final IHMRS contains variables relating to age and sex, smoking and second-hand smoke exposure, lipid levels, diabetes, and hypertension. A supplemental score describing the weights for other risk factor combinations is supplied, but the marginal increase in predictive ability of this 'full' score is outweighed by its complexity. The IHMRS as presented has demonstrated both internal validity, and good discrimination and calibration in a test sample. The external validity of the score is demonstrated by its prediction of both incident MI, and new angina and revascularization in an independent international prospective cohort study. In the external data set, a score of 10 and above (the highest tertile of the IHMRS) is associated with a markedly higher risk of adverse events, with an odds increase of 5.7 for MI, compared with an IHMRS score in the lowest tertile (score of 0-4). The predictive ability of this score is consistent across multiple ethnic groups and multiple geographic regions. It is striking that despite the availability of multiple measures of 'lifestyle' risk factors, the most appropriate score derived presents a similar panel of risk factor variables to other commonly used risk scores. 6, 7 This is in common with the findings of other groups, who have shown that despite hopes for novel CVD risk markers including common genetic polymorphisms, 28 such markers do not add to the discrimination of existing scores. An explanation is found in the current statistical understanding of the strength of association required between a risk factor and disease in order for that factor to be used as a screening test, 29 and even to make a meaningful impact on a predictive score for that disease. 30, 31 Although the multiple modifiable risk factors demonstrated a statistically significant association with MI risk, they did not demonstrate the strength of association sufficient to impact on risk discrimination in such a score. .......... ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ .........   . ............ ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ ....... The categories of the risk factors are presented in the first column, and the specific questions to be asked in the middle columns. Only one answer is chosen for every question, and inserted into the 'points' column. All questions must be answered for the most accurate risk score estimate. Minimum score is 0 and maximum is 32. Figure 3 Receiver-operating characteristic curves for myocardial infarction, for the INTERHEART Modifiable Risk Score in the EpiDREAM Cohort Study. From the EpiDREAM validation cohort receiver-operating characteristic curve shown in Figure 3 , a risk score of ≥5 is associated with a sensitivity of 77.9% and a specificity of 49.5% for myocardial infarction. In general, lower scores are associated with greater sensitivity and higher scores with higher specificity. Our score has a number of strengths. It is derived from a multiethnic study sample, from 52 countries of the world and every inhabited continent, with an even representation of men and women. It is generalizable across diverse ethnic populations and geographic regions, which is an advance over other risk scores which were developed and validated in white Caucasians primarily, and which have had variable predictability in non-white populations. 36 Our variables were chosen with both clinical and statistical utility in mind, and the data used were derived from standardized questionnaires and physical assessments. A central laboratory performed all the blood assays including those in the external validation studies. Patients have been shown to base their understanding of cardiovascular disease risk on personal experiences, rather than on population estimates. 37 The IHMRS provides a synthesis of patient-level modifiable risk factors, and risk level is described as tertiles of risk. This may well be an easier concept for patients to understand, rather than the more remote concept of a percentage risk of MI. We have performed internal validity testing on the IHMRS, using a split-sample methodology. The final IHMRS model showed appropriate calibration in the test set within the separate deciles of predicted risk. The IHMRS had good calibration and discrimination, both in the entire test set and by the ethnic group, with ROC c-statistic values of .0.70 in all ethnic groups except the European and other ethnicity groups. Similarly good discrimination was seen in the women and in the younger participants in the test set. The cause of the deterioration in discrimination in the older participants is not clear, but may be due to unmeasured factors affecting this age group which may affect CHD risk, such as concomitant illnesses. Risk factor levels may also be underestimated in this older age group, as more of these persons were on riskmodifying medications than in the younger group. The final IHMRS showed good discrimination (ROC c-statistic in the test set 0.72, 95% CI: 0.71, 0.73; and in the external validation set 0.67, 95% CI: 0.62, 0.73).
Prognostic models should be validated in an external sample, in order to demonstrate their generality and accuracy. 38 We have validated the IHMRS in the EpiDREAM cohort and shown that it is positively associated with an increase in the probability of MI in this cohort. 25 Further validity studies of the score in other external cohorts, in particular by ethnicity or geographic area, would be desirable. It can be argued that arbitrary 'cut-off levels' for continuous variables should be avoided 39 : dichotomizing a continuous variable can lead to loss of information and loss of power. 40 Nevertheless, since clinicians seek guidance and reference points with such scores, we have provided information on the score properties in the external cohort, by tertiles of IHMRS. In general, the lower IHMRS scores are associated with greater sensitivity and higher scores are associated with higher specificity.
There are some limitations of the IHMRS. First, it can be argued that case-control data is not the ideal data source to make such a score, and ideally, a prospective cohort should be used. Scores derived from case-control data cannot be considered 'predictive' of events in the same manner as those derived from cohort studies, and external validation to ascertain predictive ability in a cohort setting was an important step. However, case-control methodology permitted us to collect a large number of cases from different regions of the world to test the many variables which we felt were clinically important, without incurring penalties of overfitting. 41 To achieve a similar number of endpoints in a prospective cohort, especially in diverse settings, would require extremely large studies involving over a million individuals followed for at least 10 years. Furthermore, the case-control design enables large numbers of MI cases be obtained from diverse ethnic groups around the world, especially from resource-poor settings, and allowed inclusion of a large number of cases in younger subjects and in women, among whom the event rates are relatively low, and who are typically underrepresented in cohort-based models. Variables ascertained in a case-control manner can be subject to recall bias. However, the study design also meant that our estimate of each participant's risk factor status was contemporaneous with the event. With regards in particular to lifestyle factors, these may well undergo changes over time, and thus, the estimated effects of such factors in a cohort setting may be biased due to regression to the mean. There was a missing data burden in the INTERHEART data, due primarily to a number of subjects who did not have apolipoprotein data. A sensitivity analysis with a missing data imputation procedure was undertaken, and it was shown that the missing data did not compromise the validity of the IHMRS estimates (see Supplementary material online, Table S9 ).
INTERHEART was matched by age (+5 years) and sex. Despite this, we felt it was important to include an adjustment for age and sex, while accepting that their effects may be an underestimate, since they are important risk factors for CHD. INTERHEART has been analysed using unconditional logistic regression 2 to minimize loss of data. However, creating an IHMRS using conditional logistic regression does not improve the discrimination of the score (see Supplementary material online, Table S10 ). This study only included those cases of acute MI who survived to hospital admission, although data were collected from family members for patients who were recruited to the study but who died before all study measures were collected. A subanalysis of all MI cases who died after recruitment but before discharge in INTER-HEART (3.2% of all cases, n ¼ 255) showed that their mean IHMRS was marginally less than those who were alive at discharge (see Supplementary material online, Table S11 ). Therefore, the IHMRS was derived on both fatal and non-fatal hospitalized MI cases. Nevertheless, although it seems likely that the same risk factors described above may also predispose individuals to rapidly fatal MI in the prehospital setting, we cannot assume that this is so. Finally, a number of risk factors were determined by self-report (such as hypertension and diabetes). This historical recall may be considered inferior to direct measurement which was not possible in the acute MI setting. However, the prevalence of self-reported hypertension and diabetes has been found to approximate the known prevalence of disease in a number of studies. 42 -44 The study population in EpiDREAM consists of both individuals with normoglycaemia and with dysglycaemia, as subjects were preferentially screened if they were deemed to be at increased risk of dysglycaemia based on their family history, ethnicity, and anthropometric characteristics. Although this independent validation of the ability of the INTERHEART score to predict clinical events is reassuring, additional validation from prospective cohort studies, including those with population-based sampling and longer-term follow-up, would add to our understanding of the generalizability of the IHMRS.
Risk scores can be a useful educational and motivational tool for patients: educational in that they can understand their personal risk level, and motivational in that they can see their risk score decrease as their risk factors improve. Insofar as possible, such scores should aim for model parsimony. Inclusion of all statistically significant multiple modifiable risk factors made the score cumbersome and did not add to its predictive ability in the test set. The American Heart Association recommends using simple, consistent messages when educating patients about their risk factors, 45 and the European Society of Cardiology guidelines echo this concept in their simple 'telephone number' of targets for cardiovascular disease prevention. 4 However, the take-up of risk-scoring systems has not been uniform. Reasons for this include their complexity, the time required to input the data, the availability of the data required to complete some scores, and the perception some health-care providers may have that they are able to estimate risk without any such score. 46 Furthermore, there have been few studies documenting the efficacy of these tools in clinical practice. One systematic review identified four randomized controlled trials of such cardiovascular disease risk tools, 47 with only two trials showing an effect in terms of change in clinician prescribing in the risk estimation tool groups. 48, 49 The IHMRS demonstrates clinical credibility, evidence of accuracy, and evidence of generality. 38 Impact studies testing the usefulness of the score in clinical practice are required. 50 
Conclusion
Using data from the INTERHEART case-control study, we have developed and validated a simple score for MI risk which is applicable to an international population.
Supplementary material
Supplementary material is available at European Heart Journal online.
